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Dark Matter in GalaxiesDark Matter in Galaxies





Dark Matter in Galaxy ClustersDark Matter in Galaxy Clusters



Dark matter: baryonic



Canberra
Times

April 1990



RELIC RADIATION DISCOVERED BY ARNO
PENZIAS AND ROBERT WILSON IN 1964

COBE 1990

90% OF THE DARK MATTER
 IS NONBARYONIC

GEORGE GAMOW, ROBERT HERMAN, RALPH ALPHER
            predicted fossil radiation in 1949

helium

deuterium

lithium

THE MATTER BUDGET
Ωb=0.03
Ω∗=0.005
Ωdm=0.2



Dark matter: neutrinos



NEUTRINO DARK MATTER
density fluctuation 

power spectrum

Vikhlinin +  2008
w=p/ρ



Dark Matter isDark Matter is    weakly interacting & coldweakly interacting & cold



I see here that the universe is thought to be full of dense cold clumps



Via lactea 2



vesc > 43 km/s
Springel and Hernquist 2003

orbital
velocity

vesc > 13 km/s

distance from centre of galaxy 

supernova-driven wind

astrophysical feedback needed
Taylor 2006
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Bouwens et al 2008
high z dwarfs

Koposov et al 2009
Mily Way  satellites



Dark matter: neutralinos



NEUTRALINO DARK MATTER
Favoured SUSY candidate: Weakly Interacting Massive Particle   or WIMP

Relic abundance obtained if <σv>~3x10-26 cm3/s ~1/Ωx

for lightest stable  relic:  100-1000 proton masses

DETECTION IN SPACE OR DEEP UNDERGROUND
OFFERS STRATEGY TO PROBE MASS RANGE
THAT COMPLEMENTS ANY FUTURE COLLIDERS

 ~1039 GeV/s in total annihilation power in energetic gamma rays,   e+ , pbar , ν



Direct detection



  DIRECT DETECTION OF DARK HALO MATTER
           about ten million WIMPS per sq meter per sec pass through the earth

Cabrera 2008
Chen 2008
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Indirect detection: ν



high energy neutrinos from WIMPs annihilating in the sun
observable with downward-looking neutrino telescopes

ANTARES in the 
Mediterranean Sea

ICECUBE at the South Pole



Indirect detection: γ



annihilation gamma-Rays from the inner Galaxyannihilation gamma-Rays from the inner Galaxy

FERMI (2009): 0.02 - 300 GeV, 5o - 5’,  ΔE/E ~ 0.1

predict γ ray “smoking guns”:    hard spectrum        annihilation line

Gustafsson et al. 2007 



The WMAP microwave hazeThe WMAP microwave haze

Hooper and Zaharias 2007

Excluded
by HESS

FERMI reach

Finkbeiner 2007

predicted  predicted  γγ flux flux

Excluded by
EGRET

Cumberbatch +2009



Indirect detection: e+



PAMELA

FERMI

HESS



PAMELA

ATIC

The HEAT/PAMELA Positron ExcessThe HEAT/PAMELA Positron Excess
HEAT data

FERMI 09

HESS 09



propagation uncertainties

Geminga

Delahaye et al.  2008

ASTROPHYSICS SOLUTIONS

Nearby sources:  pulsar winds

 Cosmic ray acceleration in SNR

Grasso et al.  2009

Blasi 2009

e+ + e-



massive neutralino requires large boost since flux ~ ρ/mx
2

PARTICLE PHYSICS SOLUTION
with annihilating dark matter

Sommerfeld effect provides boost

e+ + e-



massive neutralino requires decay time ~ 1026 sec

PARTICLE PHYSICS SOLUTION
with decaying dark matter

e+ + e-

pbar

e+/(e+ + e-)

γ

Ibarra + 2009



Prediction: dwarfs should be detectablePrediction: dwarfs should be detectable
for annihilating dark matterfor annihilating dark matter

CDM simulations with  1000 Msun resolution
weighted by density2        Springel+ 2008

Velocity-dependent
Sommerfeld boost
required for e+

CDM simulations with
1000 Msun resolution
weighted by density2 /v2

                   Kuhlen+ 2009

Kuhlen + 2009

Lattanzi + JS 2009



Prediction:Prediction:  SN acceleration & SN acceleration & spallationspallation

Ti / Fe

B / C

Mertsch &Sarkar 2009



Grasso et al.  2009

Prediction:Prediction:  anisotropyanisotropy
e+ from nearby pulsars



Dark energy



WHERE DARK ENERGY
ORIGINATED

cosmological constant

or dark energy p=wρ and w=-1

Einstein was right about the cosmological constant…but for the wrong reason!
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Nearby SN 1994D  (Ia)

Type Ia supernovae
that exploded when
the Universe was 2/3
its present size are
~25% fainter than
expected

Discovery of
Cosmic
Acceleration from
High-redshift
Supernovae
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Discovery of
Cosmic
Acceleration from
High-redshift
Supernovae

Log(distance)

redshift

Accelerating

Not acceleratingΩΛ = 0.75
Ωm = 0.21
Ωb = 0.04

Supernova Cosmology Project
SN Ia Union Compilation
Kowalski et al. 2008

Large-scale structure (BAO):  DM
CMB fluctuations (WMAP):   DM +DE

 Supernovae:           DM - DE
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Dark Energy Constraints

assuming w = −1

Large-scale structure (BAO):  DM
CMB fluctuations (WMAP):   DM +DE

 Supernovae:           DM - DE
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Vikhlinin +  2009
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Cosmological constant Is favoured by data

BUT SYSTEMATICS DOMINATE ERRORS



Multiverse explanation
of why dark energy is so small



  eternal inflation

Eternal inflation produces 
an infinite number of 
inaccessible universes



      What is so special about our universe?What is so special about our universe?

A. Linde



Alternatively we may hope for  a
fundamental physics (TOE)
explanation
of why dark energy is so small



Clifton & Ferreira 2008   Another explanation



CAN REPLACE ACCELERATION BY A GIANT LOCAL VOID
                      in Lemaitre-Tolman-Bondi model

Which hypothesis is more “fine-tuned”?

SDSS-II 2009



Bertone  2006

Cold dark matter spikes surround intermediate mass
black holes

How to detect  the nearest IMBHs:
neutrinos from dark matter annihilations



THE ULTIMATE PARTICLE ACCELERATOR:
dark matter cusp around a Kerr black hole

Banados+2009





Schwarzschild black hole



Kerr black hole



Can have particle collisions with arbitrarily high CM energies

But we have not computed the flux at infinity (in progress)

Can tap rotational energy of Kerr black hole
and have Penrose boost in energy (in progress)

We have identified a potential PLANCK scale particle accelerator

The energy is redshifted but may retain unique signatures 
of high energy collisions 





• MODIFYING THE NATURE OF DARK MATTER?
• MODIFYING GRAVITY?

RESURRECTION VIA FUNDAMENTAL PHYSICS

RESURRECTION VIA ASTROPHYSICS

• FEEDBACK

DARK MATTER IS CHALLENGED BY COSMOLOGY

DETECTION IS ESSENTIAL FOR CREDIBILITY!

INDIRECT DETECTION  IN MULTIPLE WINDOWS WILL
DEMONSTRATE COSMOLOGICAL SIGNIFICANCE

AS FOR DARK ENERGY, WE AWAIT A NEW THEORY


